The use of injection molding technology for the fabrication of near-net-shape silicon nitride turbine components has been demonstrated in a number of rotor and blade configurations. The current emphasis at GTE Laboratories is to refine the process, bringing it to a level of durability and reproducibility sufficient for production needs. Progress in injection molding technology development will be described with emphasis on the flow and mechanical property requirements for forming flaw-free green components. Application of the findings to the fabrication of AGT-5 axial turbine rotors and vanes under the DOE sponsored Advanced Turbine Technology Applications Project will be reviewed.
HISTORICAL REVIEW OF TURBINE COMPONENT FABRICATION EFFORTS
GTE Laboratories has been active in the fabrication of advanced turbine components since 1980. The approach taken by GTE has been to focus on a single family of ceramic materials, silicon nitride, and to concentrate fabrication activities on injection molding as the technique best suited to the production of high volume, complex components.
A variety of turbine components have been produced, supporting several turbine development programs. The basic material compositions used, however, have remained unchanged. GTE compositions designated AY6 ( Si 3N4 + 6% Y203 + 1.5% Al2O3) and PY6 (Si3N4 + 6% Y203) have been utilized during all of these activities.' Although the compositions have remained the same, substantial improvements in the material properties of these systems have been realized through improvements in process control and microstructure engineering . 2 The performance of injection molded silicon nitride turbine components has been demonstrated both in cold and hot testing. Thin cross section single axial turbine blades of AY6 produced for the CATE program showed properties suitable for application in the early 80's ( Figure 1 ). Injection molded PY6 stator vanes of thin cross section operated successfully both in rig and engine tests during the AGT-100 program at Allison Gas Turbine.°0 Thick cross section components such as axial and radial turbine rotors and turbochargers proved significantly more difficult to fabricate using the injection molding approach. The greater distances for binder diffusion during binder removal led to severe internal and external cracks in early components . 5 Developments in injection molding technology and the advent of densification by hot isostatic pressing (HIP) have allowed such components to be fabricated and evaluated.
The techniques were first applied late in the AGT-100 rotor fabrication effort. Although never engine tested, cold spin testing demonstrated the feasibility of injection molded rotors, and also highlighted the need for improvements in material properties and reliability.
These two issues became the focus of internal GTE research,' and impacted component fabrication activities on axial turbine rotors for Daimler-Benz and turbocharger fabrication for VW/KKK. As part of the addressing of the material reliability issue, GTE Laboratories constructed a facility designed for fabrication of high quality injection molded components. The impact of the improved facilities on component quality was observed both during NDE inspection as shown in Figure 2 and in component testing as shown in Figure 3 Copyright © 1990 by ASME programs have demonstrated that the injection molding process can produce high quality thick as well as thin cross section parts. The techniques learned during these prior activities are currently being applied to the production of components for the AGT-5 automotive gas turbine engine under the U.S. DOE funded Advanced Turbine Technology Applications Project (ATTAP). ATTAP activities at GTE are concentrating on the remaining issue for injection molded turbine components, that of demonstrating the ability to produce larger quantities of components sufficient for reliability evaluation in engine operation.
This activity differs from earlier prototyping programs and has required a reevaluation of component design, material properties, and the fabrication processes with an eye toward higher volumes of components with high reliability in engine operation. Allison has taken a major step toward improving rotor survivability with respect to foreign object damage with an AGT-5 rotor design having fewer blades and increased airfoil cross sections . 9 GTE is continuing to refine the densification process for its PY6 silicon nitride to improve survivability through the development of a tougher microstructure and evaluating the addition of SiC whiskers to enhance material oughness. 10 
Fabrication Process Development
Improvements and a better understanding of the injection molding process for silicon nitride were initiated at GTE just prior to the start of ATTAP activities when a change in silicon nitride powder source was made. Production of GTE SN-502 was discontinued, and after an evaluation of available high purity silicon nitride powders a decision was made to adapt the injection molding process using Ube silicon nitride as the raw material.
Initial attempts to injection-mold particular large cross-section complex components (axial turbine rotors and tensile rods) revealed cracking problems using the Ube powder-based Si3N4 material. Cracking was believed to result from stresses generated by shrinkage of the injection-molded components during solidification and cooling in the mold. A comparison of the cracking behavior with components fabricated from SN-502 powder-based material clearly demonstrated that the Ube powder material was more prone to cracking, and modification of the Ube powder/binder formulation was needed to reduce or eliminate molding-related cracking. Consequently, a study was initiated to evaluate different powder/binder systems and processing techniques for injection-molding formulations in terms of compoundability, molding behavior, and as-molded mechanical properties.
Specifically, the study was designed to evaluate the effects of several key variables on the properties of injection-molded material:
• Particle size distribution of the starting powder • Binder composition • Powder solids loading • Compounding shear level
The objective of the study was to identify an Ube powder-based formulation and binder combination with improved resistance to the stresses generated during solidification and cooling of injection-molded components in the mold. Some of the results from this study will be discussed below as an example of recent processing developments.
Four silicon nitride powders were used in the study. SN-502 powder was used as a baseline for comparison of the effects of different starting powders. The three Ube powders evaluated represented a range of silicon nitride particle size distributions as shown in Table 1 . All of the powders were prepared as PY6 silicon nitride (Si 3N4 + 6 w/o Y203). Comparison of the results obtained from the four different powders was designed to determine the effect of the starting powder particle size distribution on the green properties of injection-molded material. Table 1 Particle Size Distributions of Ube Silicon Nitrides Evaluated Ube A A broad particle size distribution weighted toward the coarse end Ube B
A smooth broad particle size distribution Ube C Similar to Ube A but with a greater content of fine Si3N4
Two binder systems were evaluated. These represent a baseline and a binder containing a minor component change. Two solids loadings were tested for each powder/binder system to evaluate the effect of powder density in the compounded material, and two different compounding shear levels were included to examine the effect of shear level on the uniformity of compounded material and its significance on the as-molded material properties.
After milling the PY6 powder, batches of each specific powder/ binder system were processed through compounding, granulation, and injection-molding. The rheological properties of each powder/binder formulation were measured after compounding and during molding. After injection-molding, formulations were evaluated in terms of green density, linear shrinkage, and the occurrence of shrinkage-related cracking in a restrained shrink bar mold. Injection-molded MOR bars were then tested at room temperature for strength and flexibility. The flow chart in Figure 4 shows the procedures and measurements taken during the processing of each powder/binder batch. material, and that proper choice of a starting powder can allow increased solids loadings in injection-molding formulations which will reduce the amount of binder needed to be removed from the molded part. . Experimental procedure for injection-molding properties study. Figure 5 shows the different samples molded for each powder/ binder system. Ten standard 2-in. MOR bars were molded at each injection pressure for molding shrinkage measurements, green density, green strength, and material flexibility. Five simulated restrained shrink bars were molded at each injection pressure. The restrained shrink bar was designed to simulate the stresses generated during injection-molding of axial turbine rotor hubs. Injection-molding of the restrained shrink bar provided a direct indication of the possibility of shrinkage-related cracking during injection-molding for each powder/binder system. To measure the Theological properties of each powder/binder system during molding, spiral flow measurements were also made at both injection pressures. Figure 6 shows the average melt index viscosity values of each powder compounded with the standard binder as a function of powder solids loading. It is clear from this figure that the Ube powders exhibit significantly lower compounded viscosities (easier flowability) than the SN-502 powder at equivalent solids loadings. The SN-502 powder was not moldable at the highest solids loading because of high viscosity. The differences in viscosity behavior between the Ube and SN-502 powders is most likely related to differences in powder morphology. The milled Ube powders are generally more equiaxed and uniform in .size compared to the milled SN-502 powder.
Even among the Ube powders, significant differences exist. The Ube C powder shows significantly superior flowability at high solids loading compared the Ube A and Ube B powder mixes. These results indicate that small changes in the starting powder particle size distribution can greatly affect the flowability of injection-molding 
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Solids Loading -- Figure 6 . Melt index viscosity of PY6 powders compounded with standard binder system. Figure 7 shows the average melt index viscosity of Ube B and C powder compounded with the different binder systems as a function of powder solids loading. It can be seen that different binders can also greatly influence the material Theology at the molding temperature.
The occurrence of fractures in the shrink bar cavity (after injection-molding) of the shrink bars with restrained end sections (see Figure 5 ) was plotted as an indication of the as-molded material resistance to shrinkage-related stresses which are generated during injection-molding. Figure 8 shows the number of fractured shrink bars of each PY6 powder compounded with standard binder and molded at 70% and 100% of the standard injection pressure. At low solids loading, fractures occurred only in bars containing Ube A powder. Two of the five shrink bars molded at 70% of standard injection pressure fractured, and all five shrink bars molded at full injection pressure fractured. At high solids loading, one or more fractures occurred in each of the Ube powder-containing bars. The SN-502 material was not moldable at the high solids loading. The average flexural strength of injection-molded test bars containing standard binder is shown in Figure 9 as a function of solids loading. Bars molded at both 70% and 100% of standard injection pressure were tested. All materials containing standard binder increased in strength or did not change in strength as the solids loading increased. These results are similar to the measurements of flow by melt index after compounding (see Figure 6 ). SN-502 powder samples showed the highest green strength at equivalent solids loading. Among the Ube powder samples, Ube A and Ube B powder samples showed comparable strengths which were significantly higher than the strength of Ube C powder samples.
Different behaviors resulted when Ube B and Ube C powders were compounded with the modified binder. Using the modified binder, Ube C material increased in strength at both low and high solids loading. At 70% of standard injection pressure, strength increased -16% at both solids loading; at 100% injection pressure, strength increased 25% to 33%. These increases, due to the binder modification, bring the strength of the Ube C PY6 material up to the level of the other Ube PY6 powders containing the standard binder. For Ube B powder, however, strength decreased 10% to 15% for high-shear compounded material containing the modified binder while strength increased -14% for low-shear compounded material.
During the flexure tests of injection-molded bars, a degree of material flexibility was also measured as the percent deviation from linearity on the stress-strain curve. The percent linear deviation of molded test bars containing standard binder is shown in Figure 10 for the flexure tests shown in Figure 9 . In general, samples showed less flexibility as the powder solids loading increased except for the Ube The use of the modified binder had a dramatic effect on material flexibility. Table 2 shows a -2.5x increase in flexibility for Ube C powder compounded with the modified binder at low solids loading. At high solids loading, material compounded with the modified binder exhibited a 58% increase in flexibility at 70% injection pressure and a 37% increase at 100% injection pressure. For Ube B powder compounded at low solids loading, material containing the modified binder also showed significant increases in flexibility. High-shear compounded material increased 42% in flexibility at 70% injection pressure and 34% at 100% injection pressure. Low-shear compounded material exhibited even greater increases in flexibility -an 84% increase at 70% injection pressure and a 69% increase at 100% injection pressure. Unlike the strength behavior, the changes in flexibility between the Ube C and Ube B powders compounded with the modified binder were similar.
Among the four key variables measured in this study, several significant trends have been identified. For powder/binder formulations with similar binder systems, powders with higher percentages of coarser particle agglomerates measured higher material viscosity at the injection-molding temperature. Increases in the powder solids loading also increased the material viscosity for all powder formulations. Furthermore, powders with coarser particle agglomerates measured consistently higher linear shrinkages after injection-molding and higher flexural strength. In fact, the correlation between material shrinkage and material strength appears quite high for similarly processed materials. It is intuitive that two requirements necessary for injectionmolded material to survive the stresses generated during solidification and cooling in the mold cavity would be low shrinkage and high strength. Materials which shrink excessively and have low strength are most likely to fracture in mold cavities which contain restrained sections. However, it appears that the desired combination of decreasing the shrinkage and increasing the strength may not be possible since the two material properties correlated so closely.
In addition, the large effect which particle size distributions of similar powders (compounded in a similar binder system) was found to have on the shrinkage behavior has lead to the conclusion that a significant powder/binder interfacial reaction exists. This powder/ binder interaction may be a significant factor in controlling both the shrinkage and strength behaviors.
Another combination of properties desirable for injectionmolded material is high strength and high flexibility. Although a powder/binder formulation with high strength will also shrink significantly, the component will survive the cooling stresses if it has sufficient flexibility, since it will be able to plastically deform instead of fracture. Increases in strength, however, generally lead to decreases in flexibility. Coarser particle agglomerates and overall increases in the volume percent of powder lead to increases in material strength, but also tend to make the material more rigid and less able to plastically deform. However, the use of the modified binder compounded with Ube C powder leads to an increase in both the material strength and flexibility. This modification to the standard binder system appears to result from a significant change in the powder/binder interfacial reaction providing an increase in both strength and flexibility. Although the exact nature of the powder/binder interaction is not known, it appears to have a significant effect on all of the material properties measured in injection-molding formulations.
The primary objective of this study was to identify an Ube powder-based formulation with improved resistance to the stresses generated during solidification and cooling of injection-molded components in the mold. Attaining this objective was especially important for components which included restrained sections in the mold cavity such as the ATTAP axial rotor. Based on the results obtained in this study, Ube C PY6 powder compounded with the modified binder was selected for injection-molding the first iteration of near-net shape components. This powder/binder formulation provided a sufficient combination of material strength and flexibility to withstand the molding-related stresses. No shrink bar fractures occurred with this material at either solids loading at full injection pressure. This material also appeared to be compoundable by either high-shear or low-shear mixing.
It is important to realize that an understanding of the relationships between the key injection-molding process variables is necessary to further improve the quality and reproducibility of injection-molded silicon nitride components. Results obtained in this study have provided a start towards a more complete understanding of these relationships. Similar experiments are continuing to assess the effect of powder and binder changes on the binder removal process and HIP densification.
The refinement of the injection molding process will be continuing both under ATTAP component fabrication and under a recently awarded Advanced Processing Program from DOE through Oak Ridge National Laboratories. The latter program will apply experimental design and statistical process control to the injection molding process for reliability enhancement using near-net-shape fabricated PY6 tensile rods as the measure of success.
STATUS OF ATTAP COMPONENT FABRICATION
The Ube based injection molding formulation described above has been used to fabricate AGT-5 turbine rotors, stator vanes and test samples in support of Allison Gas Turbine under ATTAP. The status of component fabrication activities as of this writing will be summarized below.
Thin cross section PY6 individual stator vanes have been successfully fabricated and supplied to Allison for evaluation. The small size of these components makes material qualification difficult, but analysis of phase structure by x-ray diffraction, hardness, indentation fracture toughness, grain microstructure, and oxidation resistance for 500 hours at 1350°C all indicate that the quality of the vanes supplied is excellent.
GTE has also provided Allison with injection molded test bars of both AY6 and PY6 silicon nitride. These were supplied both totally machined, and with one side unmachined to allow measurement of as-HIPed surface properties. Strength measurements using companion AY6 and PY6 bars, tested in 4-point bending, are summarized in Table 3 . The average strength values are representative of state-of-the-art GTE Laboratories material for both as-HIPed and machined surfaces. The low Weibull modulus values seen in several cases likely reflect the fact that all samples with or without x-ray detectable flaws were tested for strength.
Oxidation resistance of the AY6 was measured at 1000°C and 1200°C in air for 500 hours. A PY6 bar fragment was also oxidized in air for 500 hours at 1350°C. The oxidation rates observed ( Figure 11 ) were comparable to those measured in other programs for the same silicon nitride compositions.
0.003
Initial AGT-5 rotor fabrication has concentrated on the AY6 formulation. Figure 12 shows an as-molded rotor along with a component densified by HIP and after hub profile machining. MOR data from 1 x 0.1 x 0.05 in. bars cut from an AY6 Ube C rotor hub are shown in Table 4 . The quality of material in the rotor hub appears to be equal to that observed in smaller cross section injection molded bars. 
SUMMARY
Injection molding has demonstrated the ability to produce testable thin and thick cross section components of silicon nitride. While thin cross section component fabrication is well developed, the refining of the fabrication process for thick cross section rotors is continuing.
As part of this development activity, a greater understanding of the mechanical properties of as-molded material is important in molding components, such as axial turbine rotors, which contain restrictions to the solidification shrinkage. The use of flow properties, as-molded strength and flexibility data, and the use of test samples to evaluate resistance to shrinkage cracks has allowed improved combinations of powders and binders to be selected for component fabrication.
These improved injection molding systems are being applied currently to the fabrication of stator vanes and rotors for the Allison AGT-5 engine under ATTAP. Property results of initial injection molded silicon nitride components and test samples have demonstrated significant improvements over those generated in the prior AGT 100 program.
